experiments used a y, dSmad2 F4 chromosome stocked with y FM7GFP and {y+}Y to avoid confounding effects of XXY females.
INTRODUCTION
Tissues and organs must coordinate cell proliferation and patterning to generate functional units. Insect imaginal tissues have offered a fruitful context in which to study these broad issues. In particular, extensive study of the wing imaginal disc of Drosophila melanogaster has revealed a system in which successive waves of patterning occur in the context of spatially uniform cell proliferation. The Dpp morphogen, an ortholog of vertebrate BMP2/4, is required for both proper disc size and patterning along the anterior-posterior (A/P) axis. How these phenomenon are coordinated at the molecular level remains an active area of research (Schwank and Basler, 2010; Wartlick et al., 2011) .
The Activin/Transforming growth factor beta (TGF) signaling family plays diverse roles in growth and patterning in mammals. Several functions have been identified in Drosophila, including neuroblast proliferation (Zhu et al., 2008) , axonal remodeling (Zheng et al., 2003; Ng, 2008) , axon outgrowth (Serpe and O'Connor, 2006; Parker et al., 2006) and competence of the endocrine gland to regulate developmental timing (Gibbens et al., 2011) . In the wing disc, loss of function of Baboon, the Activin/TGF type-I receptor, does not affect patterning but the disc is reduced in size (Brummel et al., 1999) . One study described the application of RNA interference (RNAi) to reduce Smad2 (Smox -FlyBase) function in the developing wing and reported a patterning defect in the disc and venation defects in the adult wing (Sander et al., 2010) . Smad2 opposes Mad function during both of these phases of wing development, but the mechanisms are unknown. There are several other examples of bone morphogenetic protein (BMP) and TGF signals limiting or competing with each other. The sub-branches share Type II receptors and a common Smad, and these are potential points of interplay. Indeed, it has been reported that competition for Smad4 mediates opposing actions of TGF and BMP signals in Xenopus mesoderm specification (Candia et al., 1997) , and competition for ActIIR (Acvr2 -Mouse Genome Informatics) underpins the TGF and BMP antagonism that regulates mouse visceral endoderm development (Yamamoto et al., 2009) .
Starting from the observation of larval patterning defects observed in a null mutant for Smad2, we describe here how mutation in the Activin pathway can impinge on the BMP patterning system to profoundly perturb wing disc growth and patterning. Our results uncover a surprising mode of regulation whereby a substrate limits the activity of a receptor. In the absence of its main substrate, aberrant Activin receptor signaling disrupts tissue patterning by the BMP signaling pathway.
MATERIALS AND METHODS
Fly stocks and crosses dSmad2 MB388 , babo fd4 (Zheng et al., 2003) , dSmad2 F4 and dSmad2 C15 (Peterson et al., 2012) have been described. dSmad2 C15 gives the same phenotypes as dSmad2 F4 in terms of anal pad, CNS and wing disc size. The babo Δ chromosome is a deletion uncovering baboon (Bloomington Drosophila Stock Center, #5234). Mutant larvae were selected based on lack of GFP balancers, and sorted by gender when necessary. Some GAL4 drivers, mixed stage larvae were transferred to a yeast paste plate for several days. da-GAL4 >Smad2 RNAi was conducted in vial food and yeast paste with the same outcome. The RNAi lines used for Smad2 (insert 3B3) and Mad (insert 6C3) have been described (Peterson et al., 2012) . The babo RNAi construct was made in a similar fashion and includes nucleotides 1416 -1932 . The schnurri RNAi (KK series, stock 105643) and UAS-Dicer-2 stocks were purchased from the Vienna Drosophila RNAi Center. Recombinant chromosomes were used for epistasis tests.
The following GAL4 drivers are available from the Bloomington Drosophila Stock Center: da-GAL4 (#5460), sd (#8609), 32B (#1782), 71B (#1747), T80 (#1878), esg (#26816) and A9 (#8761). phm-GAL4 has been described (Ono et al., 2006) . C765-GAL4 (Nellen et al., 1996) was provided by C. Mirth (Fundacao Calouste Gulbenkian, Portugal), and nub-GAL4 and tsh-GAL4 (Calleja et al., 1996) were provided by G. Morata (CSIC-UAM, Madrid, Spain). Recombinant chromosomes were made for phm+nub, C765+nub and nub+tsh, and additive expression was verified in GFP reporter test crosses. UAS-Babo-WT and -Babo-CA have been described (Brummel et al., 1999) .
For rescue experiments, wild-type or mutated FLAG-tagged Smad2 proteins were expressed in a Smad2 mutant. Smad2-AAMA (alanine substitutions of C-terminal serines) and Smad2-RB4 (alanine substitutions of G450, Y455, R457 and Q458) were generated by site-directed mutagenesis and verified by sequencing. The RB4 variant does not bind to its receptor as judged by lack of phosphorylation by Baboon in S2 cells. pUASattB constructs were recombined into the VK31 site (injections carried out by Genetivision) and expressed as recombinants with da-Gal4. Expression of each protein was verified by immunohistochemistry for the FLAG epitope.
dpp-lacZ (dpp 10638 ; Bloomington Drosophila Stock Center, #12379), Dad-lacZ (Dad P1833 ) (Minami et al., 1999) and sal-lacZ (salm 03602 ; Bloomington Drosophila Stock Center, #11340) reporters were assayed by crossing to Smad2 heterozygous females and comparing the βgalactosidase staining of female (control) and male (mutant) progeny. omb-lacZ (bi P1 ) (Minami et al., 1999) was assayed as a recombinant chromosome with dSmad2 C15 . The B14-lacZ reporter has been described (Müller et al., 2003) . E14, 8mT, BrkF brinker reporter (Müller et al., 2003; Pyrowolakis et al., 2004) and pentand pentΔSE-lacZ reporter flies (Vuilleumier et al., 2010) were kindly provided by G. Pyrowolakis (Albert-Ludwigs-University of Freiburg, Freiburg, Germany).
GAL4 flp-out clones were induced by activating hs-flp by incubation for 30 minutes at 37°C. Larvae were assayed 48 hours after clone induction, or as indicated. Clone-bearing animals had the generalized genotype of hsflp; B14-lacZ/+; actin[stop]GAL4, UAS-GFP/UAS-RNAi. Animals of the desired genotype were identified by the presence of GFP-marked clones, absence of balancers, and β-galactosidase staining.
Immunohistochemistry and microscopy
Rabbit anti-atypical Protein kinase C (aPKC) (Santa Cruz Biotechnology, #SC-216), mouse anti-FasIII (Fas3) (7G10, Developmental Studies Hybridoma Bank, University of Iowa, IA, USA) and DAPI were used as general stains for fixed larval tissues. Detection of lacZ reporter expression was carried out using anti-β-galactosidase (Promega, #Z378A). Sal was detected with rabbit α-Sal (Halachmi et al., 2007) (gift from A. Salzberg, Technion-Israel Institute of Technology, Haifa, Israel). Secondaries antibodies used for fluorescence microscopy were conjugated with AlexaFluor 488, 568 or 647 (Invitrogen). The Histone H3 P-Ser10 antibody was from Sigma (#H 0412). 5-Ethynyl-2Ј-deoxyuridine (EdU) incorporation and labeling was carried out using a Click-iT 555 Kit (Invitrogen, #C10338). Incorporation used freshly everted larvae incubated in M3 media with 10 μM EdU for 30 minutes at 21°C. Phosphorylated Mad (P-Mad) was detected as described (Peterson et al., 2012) . To compare signals (dpp-lacZ and P-Mad in Fig. 5 ) accurately between wild-type (WT) and Smad2 null discs, fixation and staining was performed in one tube and the discs were subsequently genotyped by morphology. Whole larvae were heat-fixed at 50°C for 3 minutes prior to imaging.
Wide-field images were captured using a 10ϫ objective on a Zeiss Axiovert microscope, and confocal images were captured using a 20ϫ objective using a CARV attachment, or using a 20ϫ objective on a Zeiss LSM710 microscope. Single confocal sections or maximal intensity projections (MIP) are shown, as indicated in the figure legends. Projections were generated using Zeiss Axiovision or Zen software. P-Mad profiles were generated using ImageJ.
To estimate the number of cells in the wing disc, a circle of a fixed size (36 m radius) was placed over wing blade images at the z-position at which the cross-section of the cells stained with membrane markers was most visible.
RESULTS

Phenotypic differences between Smad2 and baboon alleles expose non-canonical signaling
Drosophila has only one R-Smad of the Activin branch, encoded by Smad2 (also called Smox) (Brummel et al., 1999; Henderson and Andrew, 1998) , and one R-Smad of the BMP branch, encoded by Mad (Newfeld et al., 1997) . A mis-sense allele of Smad2 was identified in a screen for genes required for mushroom body neuronal remodeling (Zheng et al., 2003) . This Smad2 MB388 allele was categorized as a strong loss-of-function allele because it displays several phenotypes that resemble loss-of-function baboon alleles, including small central brain lobes and the namesake enlarged larval anal pads. The mutation causes a single amino acid substitution, and we recently found that the mutated protein can still interact with the Baboon receptor and be phosphorylated at the C-terminal SXSS motif (Peterson et al., 2012) . We therefore examined morphological characteristics of larvae harboring a recently described null allele of Smad2 to catalog differences and similarities between baboon loss-of-function mutants and the two Smad2 mutants.
Visible inspection of larvae revealed a difference in the presentation of the 'baboon' anal pad phenotype for the two Smad2 alleles. Larvae completely lacking Smad2 maintained normal anal pad structures ( Fig. 1A,C) , whereas animals expressing a mis-sense protein displayed enlarged anal pads like baboon mutants ( Fig. 1D,B ). By contrast, the small central brain lobes first noted in baboon mutants were recapitulated in both the null and point mutation Smad2 alleles ( Fig. 1E-H ). This is consistent with the requirement of canonical Baboon to Smad2 signaling for neuronal proliferation (Zhu et al., 2008) . We observed an additional morphological defect in Smad2-null larvae: the wing imaginal discs were drastically widened. This extreme overgrowth phenotype was seen only with the Smad2 null, and not the Smad2 point mutant or the baboon mutant ( Fig. 1I-L) .
Taken together, these observations indicate that (1) the protein null and mis-sense alleles of Smad2 are not equivalent, (2) noncanonical signaling by Baboon might be operative in multiple tissues, and (3) the relationship between Baboon and Smad2 varies with tissue. We were particularly intrigued by the wing disc phenotype because it resembles a gain of function for BMP signaling, exemplified by Dpp ligand overexpression (Nellen et al., 1996; Burke and Basler, 1996) or loss of the Brinker transcription factor (Campbell and Tomlinson, 1999) . We conducted a series of experiments to examine interactions between components of the Activin/TGF and BMP signaling branches in wing disc growth.
Tissue-autonomous loss of Smad2 leads to wide wing discs
The wide wing disc phenotype has several notable features. One, the overgrowth is restricted to the anterior-posterior axis of the pouch and hinge portion of the disc. The long proximal-distal axis is neither shortened nor lengthened, and the notum portion of the
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Development 140 (3) disc is not expanded. To quantify the shape change, we determined the width to height (W/H) ratio, including the wing and hinge regions of the disc but excluding the notum. This W/H ratio did not change appreciably during normal L3 growth. The range of heights was unchanged between Smad2 F4 and control discs, indicating that changes in width drives changes in the W/H ratio (supplementary material Fig. S1 ). Another characteristic is that the epithelial layers remained intact and the pattern of epithelial folding was similar to normal discs. These features suggest a specific growth or patterning defect along the A/P axis, as opposed to the general loss of organization reported for tumor suppressor mutants (Bryant and Levinson, 1985; Bilder et al., 2000) . Our first step in identifying the mechanism by which loss of Smad2 leads to patterning defects in the wing was to define the spatiotemporal requirement of Smad2 using RNAi knockdown. Expression of double-stranded RNA targeting the Smad2 message under the control of the constitutive da-GAL4 driver produced widening of wing discs similar to the null mutant ( Fig. 2A) . To determine whether the phenotype was caused by tissueautonomous loss of Smad2 protein, we drove Smad2 RNAi with GAL4 lines expressed in the wing disc. Somewhat surprisingly, many wing disc drivers did not produce the wide wing phenotype (Fig. 2B ,C; supplementary material Fig. S2 ). The lack of widening is unlikely to be caused by incomplete RNAi knockdown because co-expression of Dicer-2 had little effect. A handful of GAL4 drivers, however, did lead to various degrees of wing disc overgrowth ( Fig. 2E ,F; supplementary material Fig. S2 ). The drivers that reproduced the widened discs all have broad expression in the wing disc, but are also expressed in other tissues, complicating the interpretation of tissue-autonomous effects. Notably, they are all expressed in the prothoracic gland (PG), an endocrine tissue known to require Smad2 function (Gibbens et al., 2011) . Simultaneous Smad2 knockdown in the PG (phm-GAL4) and the wing disc (C765 or nub-GAL4) did not induce widening, suggesting that wing overgrowth is independent of Smad2 in the PG (supplementary material Fig. S3 ). To define further the spatial requirements of Smad2 function in the disc, we combined the expression pattern of two partial wing drivers. nub and tsh are expressed in complementary domains of the wing disc beginning at L2 (Zirin and Mann, 2007) (Fig. 2G,H) . Neither nub-GAL4 nor tsh-GAL4 on its own led to disc hypertrophy, but simultaneous expression did lead to wing disc widening ( Fig. 2G -I), indicating that Smad2 must be removed from the entire disc. This requirement would explain the lack of effect with A9 and 71B, which are not expressed in the entire wing disc. The C765-GAL4 result (Fig. 2D ) indicates a temporal parameter as it is expressed in the entire wing disc, but not strongly until late L3 (Wartlick et al., 2011) . We conclude that Smad2 function must be removed prior to early L3 in nearly all of the wing disc cells to produce a morphological phenotype.
Developmental time course of morphology and proliferation patterns in Smad2 F4 discs
Change in tissue size can be due to changes in cell number, or changes in cell size or shape. To determine how cell number and size contribute to disc widening, we measured the cell density in normal and widened discs. Smad2 mutant discs had significantly smaller cells than did wild type ( Fig. 3A-C) , so cell enlargement is not the explanation for overgrown discs. Indeed, a larger tissue made up of smaller cells means that more cells are present. Taking into account the smaller cells and larger tissue area, we estimate that there are 1.8 times the normal number of cells in the Smad2 mutant wing blade.
The wing disc undergoes extensive growth and patterning during the third larval instar. To define the temporal progression of the morphological abnormality, we compared wing discs from early, mid and late L3 larvae. The mutant wing discs displayed normal size and shape at the beginning of L3 (Fig. 3G ), but by mid L3 the widening had already taken place ( Fig. 3H ), giving these discs a similar W/H ratio as later mutant larvae. The discs grew during the 651 RESEARCH ARTICLE Activin receptor and disc growth Heat-fixed larvae of the indicated genotype were photographed to show overall morphology and insets (2ϫ magnification) highlight anal pad region. Swollen anal pads (asterisks) were present in babo mutant (B) and dSmad2 MB388 point mutant (D) larvae, but dSmad2 F4 null larvae had normal anal pads (C versus A). The subtle change in larval shape and color observed for babo mutants was also seen for dSmad2 MB388 . (E-H) Wide-field images of DAPI-stained brain complexes from late L3 larvae of the indicated genotypes. Hypotrophy of the larval CNS is seen in babo mutant larvae and both dSmad2 alleles (compare F-H with E). Blue bar indicates width of one central brain lobe. Full size indicates the average central brain lobe width (m) for the five largest samples of each genotype. (I-L) Late L3 wing discs of the indicated genotype were labeled with DAPI (blue) and aPKC (green). Single confocal sections are shown. Hypertrophy of the wing disc was seen in the Smad2 null (K versus I) but not babo (J) and was minimally observed with dSmad2 MB388 (L). Full size indicates the average width (m) of the ten largest discs of each genotype. Wing discs are oriented with the distal end up and the anterior to the left. Scale bars: in A-D, 500 m; in E-L, 100 m.
remaining 24 hours of larval growth, but the abnormal W/H ratio persisted ( Fig. 3I ).
Apoptosis is not prevalent in third instar larval wing discs and is not thought to play a major role in normal growth during this phase (Milán et al., 1997) , so the observation of increased cell number implicates an increase in proliferation in the Smad2 mutant. We examined cells at two cell cycle stages to characterize how proliferation correlates with atypical morphogenesis. Mitotic cells in the wing disc were identified by staining for Histone H3 P-Ser10. As has been reported (Schwank et al., 2008) , a remarkable feature of wing disc proliferation is that it is normally uniform, despite mitogenic inputs from several morphogen gradients. In fully developed Smad2 wing discs, the total number of mitotic cells was reduced ( Fig. 3I compared with 3F ). There was also a marked asymmetry along the A/P axis, with the lateral regions containing far more mitotic cells than the medial region. We examined earlier developmental stages to correlate mitotic patterns with the progression of the abnormal morphology. At early L3, when the wing discs were normal in size and shape, the mitotic cell patterns appeared normal (Fig. 3D,G) . At mid L3, when the widening was apparent, the asymmetry was observed and the total number of mitotic cells was modestly reduced relative to wild-type discs (Fig. 3E,H) . Labeling of S phase cells by staining for EdU incorporation led to similar findings ( Fig. 3J-O) , suggesting a general increase in proliferation rates in the lateral regions. We conclude that asymmetry in proliferation along the A/P axis produces the wide wing discs in the Smad2 mutant.
Baboon is epistatic to Smad2 function in the wing disc One curious aspect of the Smad2 wing disc phenotype is that it is markedly different from the baboon mutant wing disc phenotype. We considered several molecular explanations for the difference between components of the same signaling pathway. First, Smad2 might have Baboon-independent roles in limiting proliferation in discs. Alternatively, Baboon might be controlling proliferation in a manner influenced by the presence of Smad2 protein. We carried out an epistasis test to distinguish between these possibilities and found that the wing discs of Smad2; baboon double mutants resembled baboon single mutants. The widening caused by loss of Smad2 was completely suppressed by concomitant loss of Baboon (Fig. 4C,D) . The receptor kinase is thus epistatic to the Smad substrate in this assay. We also observed this Baboon dependence when the disc widening was generated by Smad2 RNAi. Single Smad2 knockdown in the esg-GAL4 domain led to widening ( Fig. 4G compared with 4E ). Single Baboon knockdown had no significant effect (Fig. 4F ), but simultaneous knockdown of Smad2
and Baboon produced discs with normal W/H ratios (Fig. 4H) . These parallel results between the whole animal mutants and the disc RNAi conditions (Fig. 4I ) strengthen the conclusion that tissue-autonomous perturbation of the Activin/TGF pathway can lead to wing disc hypertrophy. Expression of constitutively active Baboon also caused disc widening (supplementary material Fig. S4 ), implicating excessive Baboon activity as the cause of widening in Smad2 mutants. The finding that the wide disc phenotype requires both the absence of Smad2 and the presence of Baboon suggests a role for Smad2 acting not as a transcription factor, but as an inhibitor of Baboon. We tested several mutated versions of Smad2 for the ability to restore normal wing development to ascertain the contributions of canonical transcription factor activity and receptor binding. Constitutive expression of Smad2-WT in a Smad2 mutant led to normal wing disc growth (Fig. 4I,J) . Expression of Smad2-AAMA, which can bind to Baboon (Brummel et al., 1999) but lacks the C-terminal serine phosphorylation sites, also restored disc morphology (Fig. 4K,M) . By contrast, Smad2-RB4, which cannot bind Baboon owing to mutations in conserved receptor binding residues (Lo et al., 1998) , did not rescue the phenotype (Fig. 4L) . These data show that Smad2 inhibition of its receptor is crucial for wing patterning, but canonical TGF signaling is dispensable.
BMP pathway activity is altered in Smad2 mutants
As mentioned above, the shape and size of Smad2 loss-of-function wing discs resembles BMP signaling gain-of-function situations. This similarity is especially intriguing in light of the reported ability of mammalian and fly TGF type I receptors to directly phosphorylate BMP R-Smads in addition to TGF R-Smads (Liu et 653 RESEARCH ARTICLE Activin receptor and disc growth Fig. 4 . The Baboon receptor is epistatic to the Smad2 substrate. (A-H) L3 wing discs stained with DAPI and anti-FasIII. Lateral overgrowth of wing discs did not occur in babo mutants (B versus A) but did in Smad2 null mutants (C versus A). Double mutants had normal W/H ratios (D). esg-GAL4 driving babo RNAi did not affect growth parameters (F versus E), but Smad2 RNAi led to dramatic widening (G). Simultaneous RNAi restored the normal W/H ratio (H). (I-L) L3 wing discs stained with DAPI and anti-aPKC. Expression of transgenic WT Smad2 protein with da-GAL4 in a Smad2 null restored normal disc shape (J versus I). Smad2-AAMA mutant protein also normalized the W/H ratio (K), but the RB4 mutant did not (L). (M) Plot of mean ratios ± s.e.m. for each condition. Statistical significance relative to control is indicated. ***P<0.001. n.s., not significant (P>0.05). For rescue tests, comparison is with control lacking da-GAL4. Wing discs are oriented with the distal end up and the anterior to the left. Scale bars: 100 m. al., 2009; Wrighton et al., 2009; Peterson et al., 2012) . We therefore looked for Dpp pathway alterations upon Smad2 loss. dpp expression was monitored by a lacZ enhancer trap. A stripe of expression was observed at the normal A/P boundary, but it was narrower (average width of 39 m compared with 53 m for control) and the reporter expression was weaker (average peak intensity of 1173 units compared with 2582 units for control) in Smad2 mutant discs (Fig. 5A,B ). This indicates that any gain-of-function alteration of Dpp signaling is downstream of ligand production.
We examined Mad to see whether it was ectopically stimulated in Smad2 mutants. We found that Smad2 mutant discs displayed a stripe of P-Mad along the A/P boundary, but the pattern was abnormal (Fig. 5C,D) . In late L3 discs, the P-Mad stripe was clearly condensed. Staining profiles across the breadth of the disc show that the normal two-humped gradient was condensed into a narrower stripe with rapid drop off in lateral regions (Fig. 5CЈ,DЈ) . A similar narrowing of the P-Mad stripe was observed for discs during mid L3, but the difference between genotypes was less dramatic because the WT pattern is less elaborate at earlier time points (not shown). The P-Mad pattern was close to normal in baboon single mutants and in Smad2; baboon double mutants (Fig. 5E,F) . These results demonstrate that neither Smad2 nor Baboon is absolutely required for the formation of a P-Mad gradient, rather that mis-regulation of the TGF components can perturb the distribution of P-Mad.
We examined several downstream transcriptional targets of Mad to define the coupling between P-Mad and targets in Smad2 mutants. sal (salm -FlyBase), Dad and omb (bi -FlyBase) have Dpp-and P-Mad-dependent expression domains centered on the A/P boundary (Minami et al., 1999) . Reporters for each of these three genes were expressed along the A/P boundary in the wing discs of Smad2 mutant animals, but the absolute widths of the Dad and sal stripes were reduced and the omb reporter was expressed in a narrower fraction of the mutant disc ( Fig. 5G-L) . baboon mutants do not show narrowing of activation targets and double mutants resemble baboon (supplementary material Fig. S5 ). By contrast, we found that a P-Mad repression target was profoundly mis-regulated. brinker is normally expressed in a complementary pattern to P-Mad, but in Smad2 mutants a brinker expression reporter was essentially shut down throughout the entire disc (Fig. 6B ). This result is consistent with the morphological phenotype because loss of Brinker leads to expanded discs (Campbell and Tomlinson, 1999) . The interesting twist in the Smad2 mutant is that brinker expression is uncoupled from the P-Mad pattern.
We next determined brinker expression at several developmental time points. brinker reporters are already expressed at the flanks of the early L3 wing discs, and expression was normal in Smad2 mutants at this time point, indicating that brinker expression initiated properly. By mid L3, brinker expression was severely reduced and remained off for the duration of larval development (supplementary material Fig. S6 ). The loss of brinker thus roughly parallels the perturbed cell proliferation and the appearance of abnormal disc morphology, consistent with the role of Brinker in regulating wing disc proliferation (Martín et al., 2004; Schwank et al., 2008) .
Ectopic repression through Dpp silencing elements
The transcriptional regulation of brinker in the wing has been extensively studied (Müller et al., 2003 , Yao et al., 2008 . Madresponsive silencer elements repress brinker expression that is otherwise found in the entire wing disc. We considered two general possibilities for loss of brinker expression in Smad2 mutants. One possibility is that Smad2 actively promotes brinker expression, and the other is that in the absence of Smad2 brinker is ectopically silenced. To differentiate between these models, we assayed the expression of a panel of reporter constructs in Smad2 mutant discs.
The B14 enhancer region contains a strong silencer element (SE) adjacent to activation elements (Müller et al., 2003) . A smaller E14 element containing the activation sequences but lacking the SE was not affected by the absence of Smad2 (Fig. 6C,D) . This means that Smad2 is not required for the pan-disc active expression of brinker.
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Fig. 5. Moderate mis-expression of BMP activation targets in
Smad2 mutant discs. (A,B) dpp-lacZ expression in wing discs. The normal stripe of dpp expression (A) was narrowed and weakened in Smad2 mutants (B). (C-F) P-Mad immunohistochemistry in wing discs. The canonical late L3 P-Mad profile (C) was narrowed and sharpened in Smad2 discs (D). Profiles running across the entire disc through the dorsal pouch are shown in CЈ and DЈ. babo (E) and Smad2; babo double mutants (F) had nearly normal P-Mad patterns. (G-L) Dad-lacZ reporter expression was present but narrowed in Smad2 discs (J versus G). sal-lacZ expression was also narrowed (K versus H). omb-lacZ expression in dSmad2 C15 occupied a smaller fraction of the enlarged discs (L versus I). Wing discs are oriented with the distal end up and the anterior to the left. Scale bars: 50 m.
These results implicate the SE in the Smad2-dependent effect. To test whether Smad2 generally regulates SE-containing genes, we tested a reporter from another gene. Among a handful of characterized Dpp target genes, pentagone (pent; now known as magu) was recently identified as an SE-containing Mad target that is required for wing disc patterning (Vuilleumier et al., 2010) . The intact pent reporter recapitulates the normal pent expression pattern in wild-type discs and, like the B14 brinker reporter, its expression is abolished in Smad2 mutant discs (Fig. 6E,F) . To assess the role of the SE directly, we tested a reporter construct with its two SEs disabled by mutation (Vuilleumier et al., 2010) . The pentSE reporter was expressed in a similar pattern regardless of the Smad2 genotype (Fig. 6G,H) . We also found that brk-B14 and pent reporters were expressed normally when Baboon or Smad2 and Baboon were removed (supplementary material Fig. S7 ). Taken together, these data show that ectopic silencing requires the absence of Smad2, the presence of Baboon, and intact target gene SEs.
What is acting through the silencer element?
Our results indicate that loss of Smad2 leads to aberrant repression of genes under control of regulatory elements previously characterized as Mad-dependent silencers, and that the Baboon receptor is required for this behavior. Wing disc clones subject to Smad2 RNAi did not express the B14 brinker reporter, showing that clones lacking Smad2 mimic this behavior of disc cells in the null mutant (Fig. 7A) . The effect is spatially robust because it was observed at many positions within the normal brinker expression domains (not shown). Next, we generated clones that simultaneously knocked down Smad2 and another protein of interest. Smad2; baboon double RNAi clones maintained B14 expression 48 hours after clone induction (Fig. 7C) , again in line with the whole animal double mutants in which loss of Baboon suppressed loss of Smad2. Some baboon RNAi clones had reduced B14 levels relative to their neighbors, and this was also seen with Smad2; baboon double RNAi clones (Fig. 7B,C) .
Reporter assays pinpointed the SE in mediating the Baboondependent repression. The SE can bind Mad, Medea and the Schnurri repressor in vitro (Müller et al., 2003) , so we tested several of these factors using the RNAi epistasis assay. Single Mad RNAi clones lacked P-Mad, had normal B14 expression in the lateral domains, and had weak ectopic B14 expression near the center of the discs (Fig. 7D; data not shown) . In Mad and Smad2 double RNAi clones, B14 was still expressed in lateral regions (Fig. 7E ). Lack of Mad thus reverses the effect on brinker seen when Smad2 is absent. A similar finding was observed for Schnurri. schnurri RNAi clones showed increased B14 expression ( Fig. 7F) , as expected from published reports of schnurri mutant clone behavior (Marty et al., 2000) . Smad2 and schnurri double RNAi clones maintained B14 expression in the normal lateral regions (Fig. 7G) . Taken together, these data indicate that the Smad2-Baboon module influences the activity of a Mad-Medea-Schnurri complex at silencing elements of target genes.
By what mechanism does Smad2 influence the output of the canonical Mad-dependent silencer? In principle, Smad2 could be acting as a transcription factor, but the reversal of the phenotype upon removal of Baboon strongly suggests that Baboon itself can regulate the SE, and that Smad2 limits Baboon activity. Transbranch cross-over, in which stimulation of a TGF Type I receptor can lead to phosphorylation of a BMP R-Smad, has been reported, and we have observed this reaction in vivo in Drosophila (Peterson et al., 2012) . To test whether Baboon phosphorylates Mad in the absence of Smad2, we examined P-Mad in Smad2 RNAi clones. We found that P-Mad was not increased in such clones at late L3 (Fig. 7H) . To test whether the behavior is different at earlier stages, we examined clones throughout the two days of L3 development, and we did not observe ectopic P-Mad staining (supplementary material Fig. S8 ). To test whether brinker mis-regulation can occur without detectable P-Mad increase, we assayed a brinker reporter and P-Mad simultaneously and confirmed that clones with ectopic silencing did not have increased P-Mad (Fig. 7H) . Thus, despite the demonstrated requirement for baboon and Mad in the silencing activity, we find no evidence for the direct involvement of Baboon cross-talk in producing ectopic P-Mad.
DISCUSSION
The relationship between Baboon and Smad2 varies by tissue
Based on phenotypic comparison of baboon loss of function and two Smad2 alleles, we can model three ways that Smad2 mutation alters development in various tissues. For canonical signaling events, exemplified by neuroblast proliferation and axonal pruning, loss of function for baboon or Smad2 is equivalent. In cases in which the Smad2 null phenotype differs from the point mutant phenotype, we invoke non-canonical signaling. For the development of enlarged anal pads, the point mutant acts as a neomorphic allele that blocks Baboon function, whereas the null allele does not produce the phenotype, indicating that Baboon is able to function properly in a Smad-independent manner. For the wing disc overgrowth phenotype, the point mutant protein is produced and can bind to Baboon to prevent the promiscuous activity of Baboon that occurs when Smad2 is completely removed. We focus here on the wing growth process, and one key finding from our experiments is that Smad2 restricts the output of Baboon. Together with our earlier report on the competition between Smad2
655
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Activin receptor and disc growth (A-D) Brinker expression was monitored by lacZ reporters (green) and is shown with DAPI staining (light blue). The B14 reporter was Smad2 dependent (A,B) and the E14 brinker reporter lacking the SE was not Smad2 dependent (C,D) . (E-H) A pentagone reporter with intact SEs lost expression in a Smad2 mutant (E,F) but a reporter with mutation of the SEs (pentSE) was no longer Smad2 dependent (G,H) . Relationship between SE and ectopic silencing in the absence of Smad2 is summarized for each reporter. Wing discs are oriented with the distal end up and the anterior to the left. The green channel was captured and is displayed with matching settings for panels A and B and for E and F. Scale bars: 50 m. and Mad for activation by Baboon, this is another example of a substrate regulating receptor activity. This wiring may be relevant to some situations in which antagonism is observed between TGF and BMP signaling, and might also be an under-appreciated feature of signal pathway regulation in general.
Anti-signaling from Smad2 to Baboon
Smads are direct phosphorylation targets of TGF superfamily Type I receptors, and are thus typically considered to be downstream of the receptor. Our finding that Baboon is clearly epistatic to Smad2 for the wing disc overgrowth inverts this relationship to generate a configuration we term 'anti-signaling'. Other proteins are known to bind and negatively regulate TGF receptors, such as I-Smads (Hayashi et al., 1997) . Anti-signaling by Smad2 resembles this activity, but offers additional regulatory possibilities because the same molecule can transduce the canonical signal and inhibit non-canonical signals. One interpretation of our data is that the function of Smad2 during wing development is to inhibit Baboon, thus permitting BMP signaling to control growth and patterning. Alternatively, the Baboon receptor could normally play a supporting role in controlling these processes, with inhibition by Smad2 as one of several inputs into Baboon activity. baboon mutants have small wing discs, but it is difficult to attribute this to a wing-autonomous function because of pleiotropic defects. Indeed, RNAi of baboon using several GAL4 drivers expressed in the wing disc had no observable effect on the shape or size of larval wing discs or adult wings (data not shown). If Baboon normally plays a role, then its absence can be compensated for by other growth control mechanisms, or it might only be required under certain developmental conditions. Furthermore, the finding that Smad2; baboon double mutant wing disc phenotypes resemble those of baboon mutants indicates that the major function of Baboon must be non-canonical ( Fig. 4 ; supplementary material Figs S5, S7). We cannot rule out a minor role of canonical TGF signaling in wing disc patterning or growth, but our data clearly indicate that canonical transcription factor activity is dispensable for proper spatial proliferation.
Silencing of multiple genes leads to a composite wing phenotype
Our second principal finding is that unrestrained Baboon activity leads to ectopic repression through the SEs found in a subset of known BMP target genes. The phenotype we observe in the Smad2-null mutant can be explained as a compound loss of expression of BMP targets that would otherwise have lateral expression ( Fig. 8A,B ). Loss of Brinker on its own leads to widened discs, which neatly explains the lateral overgrowth of Smad2 mutant discs. Loss of Pentagone on its own leads to constriction of the P-Mad gradient and narrow wing discs. The narrow P-Mad stripe in Smad2-null discs is consistent with a loss of Pentagone, and manifests as narrowed expression of positive targets of Dpp signaling. The brinker morphological effect dominates over the pentagone morphological effect because brinker expression is uncoupled from the P-Mad pattern. Pentagone is a secreted molecule, which might explain why Smad2 function must be removed in nearly all cells of the wing blade to see the widening. Note that these two defects are separable, as brinker mutant discs elaborate a normal P-Mad gradient (Moser and Campbell, 2005) and pentagone mutants express brinker laterally (Vuilleumier et al., 2010) . The Smad2 phenotype is thus a compound phenotype caused by loss of multiple SE-controlled genes (Fig. 8B) . Additional genes contain predicted SEs Pyrowolakis et al., 2004) , so we expect that other targets are also silenced in the Smad2 mutant but any resulting phenotype is probably obscured by the strong effects of Brinker and Pentagone loss.
We show that Baboon, Mad and Schnurri are all required for the ectopic silencing through SE. Sander et al. reported that Mad and Medea are required for Smad2 RNAi-induced disc widening (Sander et al., 2010) . Because Medea is a common partner for Smad2 and Mad, it is not straightforward to determine which one of these roles is relevant. An alternative role for Medea would be to limit Smad2 or Mad action by way of competition for a limited amount of Medea, but we found that Medea overexpression did not phenocopy Smad2 loss in the wing disc (data not shown). Instead, our data suggest that the cell-autonomous requirement for Medea is due to its inclusion in the Mad-Medea-Schnurri repressive complex that binds SEs.
Models of Baboon-SE coupling
It is unknown how Baboon influences events at the SE. As a transmembrane receptor with kinase activity, the two ways Baboon can function are by post-translational modification of substrates, or by binding and regulating the activity of other proteins (Fig. 8C,D) . The only known substrates for Baboon are Smad2 and Mad. In the wing disc, an active requirement for Smad2 in transmitting the signal is ruled out by the double mutant phenotype. We found no direct evidence for the simple hypothesis that unrestrained Baboon phosphorylates Mad at the canonical C-terminal serine residues. Mad is regulated by other modifications that control its stability and nuclear localization (Zeng et al., 2007; Eivers et al., 2009) , so an intriguing possibility is that the increased access to Baboon afforded Mad in the absence of Smad2 may alter its modification state. Other potential substrates for the kinase Baboon could mediate the gain-of-function Baboon activity uncovered by lack of Smad2 (T in Fig. 8C ). No non-Smad substrate is known for any Drosophila receptor, but a growing list in mammals includes endoglin, mps1, ShcA and PAR6 (Ray et al., 2010; Zhu et al., 2007; Lee et al., 2007; Ozdamar et al., 2005) . Alternatively, Baboon could regulate other factors merely by binding to them.
Baboon has been proposed to act independently of R-Smads in axon projection in the mushroom body (Ng, 2008) , and there are examples from the broader TGF superfamily in which receptors regulate the availability of other factors by binding, such as regulation of LIMK activity by binding to BMPRII (Lee-Hoeflich et al., 2004) . Figure 8D models the conjectured Baboon binding partner as a transmembrane protein, but a cytoplasmic protein could also fill this role. Epistasis experiments showed that aberrant output is observed only in the situation in which Baboon is present and Smad2 is absent. We therefore model a complex of Baboon and another protein as the agent that leads to silencing, either by promoting SE repression, or preventing the other molecule from carrying out an anti-repression role (Fig. 8D) .
At the level of the SE DNA sequence, we assume that the Mad-Medea-Schnurri complex is the only complex that can repress transcription from the SE. This is consistent with the requirement for the proteins of this complex even when Baboon is 'trying' to engage. Unrestrained Baboon might alter the sensitivity to the repressive complex, such that in all cells the basal level of P-Mad is sufficient to engage the SE. To engender this state, Baboon could be promoting the formation, availability or activity of the silencing complex. Alternatively, Baboon could be removing an SE input that normally opposes the action of the silencing complex. The action of additional factors binding at or near the SE is speculative, but it is common for regulatory DNA elements to bind competing complexes to permit graded activities. An example is the competitive binding of Brinker and Mad to the activation element of Dpp target genes in the wing (Weiss et al., 2010) . Based on the available data, it is not known whether Baboon action at the membrane directly regulates a component of a DNA-associated complex or if such regulation is mediated by intermediate factors.
Future work will provide molecular details of how the Activin and BMP branches of the ancient TGF superfamily pathway are wired to coordinately regulate growth in the wing disc. It will be interesting to learn whether the mechanism is tailored to the specific system or represents a common mechanism. More generally, it will be important to gauge the significance of substrate inhibition in TGF superfamily signaling. TGF
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Activin receptor and disc growth signaling networks are present in all metazoan cells and control many cell behaviors in development and disease. Mutations in Smad proteins have long been known to be associated with various aspects of cancer (Padua and Massagué, 2009) , and Smad3 mutations were recently reported to be associated with a dominant vascular syndrome (van de Laar et al., 2011) . If Smad2/3 proteins control the activity of Activin or TGF receptors, then additional effects beyond loss of function of the canonical signaling pathway need to be considered. As exemplified by loss of Baboon function caused by a mutant Smad2 protein, Smad proteins can cause loss of non-canonical receptor functions. As illustrated by Baboon-dependent patterning defects when Smad2 is completely absent, lack of Smads can lead to gain of function for TGF superfamily receptors. Beyond the appreciated cell-type dependent roles of Smad proteins as transcription factors, these new possibilities add further complexity to the TGF signaling network that need to be studied to predict the effects of therapeutic intervention to regulate TGF signaling.
